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Abstract
Ž .Familial amyloidotic polyneuropathy FAP is an autosomal dominant hereditary type of amyloidosis involving
Ž .amino acid substitutions in transthyretin TTR . V30M-TTR is the most frequent variant, and L55P-TTR is the
variant associated with the most aggressive form of FAP. The thermal stability of the wild-type, V30M-TTR,
L55P-TTR and a non-amyloidogenic variant, T119M-TTR, was studied by high-sensitivity differential scanning
Ž .calorimetry DSC . The thermal unfolding of TTR is a spontaneous reversible process involving a highly co-operative
transition between folded tetramers and unfolded monomers. All variants of transthyretin are very stable to the
thermal unfolding that occurs at very high temperatures, most probably because of their oligomeric structure. The
data presented in this work indicated that for the homotetrameric form of the wild-type TTR and its variants, the
order of stability is as follows: wild-type TTRRT119M-TTR)L55P-TTR)V30M-TTR, which does not correlate
with their known amyloidogenic potential. Q 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction
Human transthyretin is a homotetrameric pro-
tein with a total molecular weight of 55 kDa and
w x127 amino acid residues per subunit 1 that is
w xfound in cerebrospinal fluid and in plasma 2 .
TTR transports thyroxine and retinol in associa-
w xtion with a retinol-binding protein 3]7 .
Recent interest in TTR was brought about by
the discovery that single-site mutants of TTR are
the major protein component of amyloid fibrils in
w xFAP, a lethal autosomal dominant disease 8 .
TTR with a valine replaced by methionine at
Ž .position 30 V30M-TTR produces the most fre-
w xquent form of FAP 9,10 , and TTR with leucine
Ž .at position 55 replaced by a proline L55P-TTR
is the variant associated with the most aggressive
w xform of amyloidosis 11 . Transthyretin with thre-
onine at position 119 replaced by a methionine
Ž .T119M-TTR was originally described in a kin-
w xdred form without amyloidosis 12 and has now
w xbeen found in several human populations 13 .
This variant is non-amyloidogenic and is thought
to protect individuals who also carry the V30M
w xmutation against FAP 14 .
A comparison between the crystal structures of
Ž .the wild-type TTR WT-TTR and the V30M-TTR
variant revealed a very similar global fold for both
proteins, the tetramer having a central cylindrical
cavity in which thyroxine binding occurs and an
exterior binding site for the retinol-binding pro-
tein. Each subunit consists of two b-sheets with
w xfour b-strands each, forming a b-sandwich 15,16 .
Substitution of valine 30 by methionine forces the
˚b-sheets of the monomer approximately 1 A apart,
resulting in a distortion of the thyroxine binding
w xcavity 15,16 . However, the small differences
between the crystal structures of WT-TTR and
V30M-TTR cannot be satisfactorily invoked to
account for the amyloidogenicity of V30M-TTR.
In contrast, the recently solved crystal structure
of L55P-TTR points to significant structural dif-
w xferences from WT-TTR 17 . In particular, the
small D strand does not exist in L55P-TTR.
Differential scanning calorimetry, which is an
extremely useful technique for characterizing the
energetics of the thermal unfolding of proteins
w x18]20 , was used here to evaluate potential con-
formational stability differences between the
above-mentioned amyloidogenic and non-
amyloidogenic transthyretin variants, WT-TTR,
V30M-TTR, L55P-TTR and T119M-TTR. The
results obtained demonstrated that all the TTR
variants had very high transition temperatures
Ž .T for thermal unfolding and all of them un-m
folded and dissociated simultaneously, obeying a
two-state mechanism between the folded te-
trameric state and the unfolded monomeric state,
according to the scheme N ¡4U.4
2. Experimental
2.1. Materials
Recombinant TTR variants were produced in
w xan Escherichia coli expression system 21 and
w xpurified as described previously 22 . Protein con-
centrations were determined spectrophotometri-
cally at 280 nm, using an extinction coefficient of
7.76=104 My1 cmy1 based on a 55-kDa molecu-
w xlar weight for the TTR tetramer 6 . TTR variants
in the tetrameric form were prepared by gel ex-
clusion chromatography, as described previously
w x23 .
All chemicals were of analytical grade, with the
highest purity commercially available and were
Ž .purchased from Sigma St. Louis, MO . Double-
distilled water was used throughout.
2.2. Differential scanning calorimetry
DSC experiments were performed on a Micro-
Cal MC-2D differential scanning microcalorime-
Ž .ter MicroCal Inc., Northampton, MA with cell
volumes of 1.22 ml, as described previously by
w xRuiz-Arribas et al. 24 . Sample and reference
solutions were properly degassed with stirring in
an evacuated chamber for 5 min at room temper-
ature and then carefully loaded into the calorime-
ter cells. An overpressure of 2 atm of dry nitrogen
was always kept over the liquids in the cells
throughout the scans to prevent any degassing
during heating. Exhaustive cleaning of the cells
was undertaken before each experiment. A back-
ground scan collected with buffer in both cells
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was subtracted from each scan. The reversibility
of the thermal transitions was verified by check-
ing the reproducibility of the calorimetric trace in
a second heating of the samples immediately af-
ter cooling from the first scan. The temperature
dependence of the molar heat capacity of the
proteins was further analyzed by a non-linear
least-squares fitting and plotted using the Win-
Ž .dows-based software package Origin supplied by
MicroCal.
The heat capacity of TTR and its changes were
parameterized in terms of accessible surface area
Ž . w x Ž . Ž .ASA 25 in accordance with Eqs. 1 and 2
w x26 :
Ž .C sC qC qC 1p p ,a p ,b p ,c
Ž .DC sDC qDC sa t ?D ASAp p ,a p p , p o l c a p
Ž . Ž .qb t ?D ASA 2c p o l
Ž .Each term in Eq. 1 is given by:
w Ž .x Ž .C s 0.28q0.000975? ty25 ?MW 3p ,a
w Ž .x Ž .C s 0.0087q0.000643? ty25 ?BSA 4p ,b tot
Ž . Ž . Ž .C s a T ?ASA qb T ?ASA 5p ,c c a p c pol
where the coefficients
Ž . Ž .a t s0.45q0.000263? ty25c
2Ž .y0.000042? ty25
Ž . Ž .b t sy0.26q0.000285? ty25c
2Ž .q0.0000431? ty25
In the above equations, MW is the molecular
weight; BSA is the total area buried from thetot
˚2Ž .solvent; ASA BSA, DASA is in A , heat capacity
is in cal Ky1 moly1, and t is in 8C.
The ASA of the native and denatured states of
WT-TTR and V30M-TTR, for which crystallo-
˚graphic coordinates with a resolution of 1.7 A
w xwere available 16 , was calculated using MOLE
Žsoftware Applied Thermodynamics LLC, Hunt
˚.Valley, MD . A 1.4-A probe radius was employed.
The ASA of the denatured state was taken as the
sum of the areas of each residue in an extended
Gly]X]Gly tripeptides, in which the side-chain of
the central residue was in the same conformation
w xas in the native protein 25,26 .
3. Results and discussion
Fig. 1 shows the partial molar heat capacity
function of WT-TTR at a concentration of 25 mM
Žhere, TTR concentrations are always expressed
.in terms of monomer units in 20 mM sodium
phosphate, pH 7.0, in the presence of 150 mM
NaCl. Under the conditions of this experiment,
the thermal denaturation transition of WT-TTR
occurred at 101.78C and was characterized by an
w Ž .x Ženthalpy change D H T of 96.8 kcal mol ofm
.y1monomer and a change in the heat capacity of
1.22"0.02 kcal Ky1 moly1. Fig. 1 also shows that
the heat capacities of both the native and un-
folded WT-TTR were in a good agreement with
the values calculated using a structure-based
Ž .parameterization see Section 2 . The similarity of
the heat capacity of the denatured TTR and the
heat capacity expected for an unstructured poly-
peptide of the same sequence suggested that the
polypeptide chain was essentially unfolded and
hydrated after thermal denaturation.
For a reliable reversible thermodynamic de-
scription of protein stability, it is necessary that
the experimentally measured unfolding transition
be reversible. The extent of reversibility, mea-
sured by the relative area recovery, seen on the
second scan of TTR depended on the tempera-
ture at which the first scan was terminated before
cooling the samples in preparation for the second
scan. If the first scan allowed us to proceed up to
a temperature at which the transition was 90%
complete, then the repeated scan retained ap-
proximately 95% of the transitional enthalpy of
the preceding one, indicating that the calorimet-
ric experiments represented equilibrium condi-
tions. However, prolonged incubation of the sam-
ples at high temperatures resulted in the appear-
ance of an irreversible process. For example, after
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Fig. 1. Partial molar heat capacity of WT-TTR as function of
temperature. The TTR concentration was 25 mM of monomers.
The scan rate was 1 Krmin. The dashed lines represent the
heat capacities of the native, C , and unfolded, C , statesp ,N p ,U
w xrespectively, calculated as described in 26 .
the incubation of TTR at 1108C or higher for
longer than 5 min in repeated scans, only approxi-
mately 30% of the transitional enthalpy of the
preceding scan was retained. Experiments per-
formed at scanning rates of 0.5 and 1.5 Krmin
gave denaturation profiles that differed by less
than 0.2 K, indicating the absence of kinetic ef-
fects under the conditions of our experiments.
At 258C, the experimentally determined heat
capacity of the native state of TTR was 4.54"0.06
y1 Ž .y1kcal K mol of monomer or 0.330"0.005
cal Ky1 gy1, which was similar to the mean value
of 0.34"0.005 kcal Ky1 gy1 obtained for globu-
w xlar proteins 26 . The enthalpy changes for the
four studied variants of TTR at the same concen-
Ž .tration 25 mM exhibited a temperature depen-
dence consistent with the observed DC or DCp p
Ž . Ž y1 y1.calculated by Eq. 2 1.22"0.01 kcal K mol
Ž y1 y1.and were equivalent 1.23"0.03 kcal K mol
Ž .when evaluated at the same temperature Fig. 2 .
Within the experimental temperature range of
the experiments, the enthalpy change for the four
TTR variants as a function of the temperature
could be well represented by the equation:
Ž . y1D H t s94.44 kcal mol q1.237
y1 Ž . Ž .kcal K mol? ty100 6
with a regression coefficient of 0.999 and where t
is in 8C.
We also calculated the so-called generic en-
thalpy change, scaled in terms of DASA changes
at the reference temperature of 608C in accor-
dance with equation:
Ž .D H 60 sy8.44?DASAgen a p
Ž .q31.4?D ASA 7pol
y1 w xwhere the enthalpy change is in cal mol 27 .
Using the value of the heat capacity change,
one can calculate enthalpy changes at a different
Ž .temperature T in 8C as:
Ž . Ž . Ž . Ž .D H T sD H 60 qDC ? Ty60 8p
Thus, the calculated value of D H for WT-TTR at
1008C is 160.8 kcal moly1, almost two-fold higher
than that obtained in the experiments. Currently,
we have no explanation for this discrepancy.
Fig. 3 shows a set of DSC scans obtained for
four different variants of TTR. The figure shows
the excess heat capacity functions obtained after
subtracting the heat capacity of the native state.
It may be seen that all transition peaks were
Fig. 2. The temperature-dependence of the enthalpy change
for the four TTR variants at the same concentration of 25 mM
considered in this study. The four values define a straight line
Ž . y1 y1with a slope heat capacity change of 1.23 kcal K mol ;
similar to the value obtained from the individual heat capacity
curves.
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Ž . Ž .Fig. 3. Excess heat capacity of V30M-TTR 1 , L55P-TTR 2 ,
Ž . Ž . Ž .WT-TTR 3 and T119M-TTR 4 at pH 7.0 symbols . The
continuous lines represent the results of non-linear least
square fittings of the excess molar heat capacity curves to the
N ¡4U model as implemented in the Origin software pack-4
age. Protein concentrations were 25 mM.
skewed toward the low temperature side of the
transition, as expected for a transition coupled to
dissociation according to the scheme N ¡mU,m
where m associated molecules of the native pro-
tein, N, give rise to m molecules of the unfolded
w xprotein, U 28 . Consequently, the temperature of
the midpoint of the transition TU did not coin-
cide with the temperature of the excess heat
capacity maximum, T . For the calorimetric scansm
shown in Fig. 3, the ratio of the van’t Hoff en-
wthalpy defined using the familiar formula D HV H
2 max Ž .xs4RT C rD H T and the calorimetric en-m p m
w Ž .xthalpy D H rD H T averaged 1.66"0.08.V H m
This value was significantly higher than 1.0, which
is the expected value for the two-state unfolding
of a monomeric protein. For the two-state unfold-
ing of an oligomeric protein coupled to a dissocia-
w xtion process 29 :
Ž . Ž . Ž .D H rD H T s2mr mq1 9V H m
and equaled 1.6 for a tetramer, which was close to
the obtained experimental value.
In a general coupling between the unfolding
and dissociation processes, equilibrium thermody-
namics predicted the following relationship
between the total monomer concentration, A ,t
Ž . w xand the unfolding temperature T K 29,30 :m
Ž .ln A sconstant ymD H Tt m
y1 y1 y1Ž . Ž .= my1 R T 10m
Ž .where D H T stands for the unfolding enthalpym
Ž .per monomer. The plots of ln A vs. 1rT Fig. 4t m
for tetramers of WT-TTR and V30M-TTR yielded
Ž .straight lines. The values of D H T obtainedm
from the slopes of these lines were 96"3 kcal
moly1 for WT-TTR, and 83"3 kcal moly1 for
V30M-TTR, close to the values of calorimetric
enthalpy, 96.8 and 85.5 kcal moly1, respectively,
for these proteins.
Ž .The software package Origin supplied by Mi-
croCal afforded excellent fittings of our experi-
Ž .mental data for ms4 Fig. 3, continuous lines ,
whereas similar fittings for other m values were
considerably worse. The highest likelihood values
Ž .for T and D H T obtained by the fitting proce-m m
dure are shown in Table 1.
All the above data allowed us to conclude that
all the variants of TTR studied here behaved, in
solution, as tetramers, which underwent a two-
state reversible thermal unfolding coupled to dis-
sociation, at least under our experimental condi-
tions.
Fig. 4. Plots of the logarithm of the total protein concentra-
tion against 1rT , where T is the absolute transition tem-m m
Ž . Ž .perature for WT-TTR v and for V30M-TTR ‘ . The lines
were fitted by linear regression.
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Table 1
aComparison of the thermodynamic parameters for the unfolding of wild-type TTR and three of its variants
oUŽ . Ž . Ž .Protein T 8C T 8C D H T DDGm m
Ž . Ž .kcalrmol kcalrmol
WT-TTR 101.7"0.2 100.9"0.1 96.8"2.9 0
V30M-TTR 92.6"0.2 91.9"0.2 85.5"2.4 y2.24
L55P-TTR 96.3"0.2 95.1"0.1 89.6"2.3 y1.47
T119M-TTR 101.8"0.2 100.7"0.2 96.6"2.8 y0.05
aT is defined as the temperature at which the excess specific heat reaches its maximal value; TU is a temperature at which 50%m
of the protein is unfolded at a concentration of 1 mgrml; DDGo is the difference in the standard free energy change of unfolding,
Ž o o . Ucalculated as DG yDG at T for WT-TTR.variant WT-TTR
A convenient measure of the change produced
by a mutation in the apparent stability of TTR is
the quantity:
o Ž o o . Ž .DDG s DG yDG 11variant WT - TTR
i.e. the difference in the standard free energies of
unfolding for the variant and wild-type proteins,
U wevaluated at T temperature at which 50% of
protein is unfolded at exactly the same concentra-
Ž . xtion 25 mM of protein for the WT-TTR by
means of the Gibbs]Helmholtz equation:
o Ž U .DG T sD HWT - TTR WT - TTR
Ž U U .= 1yT rTWT - TTR variant
w U UyDC ? T yTp variant WT - TTR
qTUWT - TTR
Ž U U .x Ž .=ln T rT 12WT - TTR variant
where DC is the denaturational heat capacityp
change, which we assumed to be constant since
the temperature range of the extrapolation is
small. It was obvious that in the present applica-
Ž . oŽ U .tion of Eq. 11 that the term DDG T s0WT-TTR
and, hence, the destabilization of the native struc-
ture was indicated by a negative value for DDGo
Ž .Table 1 .
The data shown in Table 1 indicated that for
the wild-type TTR and its variants, the order of
stability was as follows: WT-TTR’T119M-TTR
)L55P-TTR)V30M-TTR. This clearly showed
that the tetrameric forms of non-amyloidogenic
variants had a slightly higher conformational
stability than amyloidogenic variants. However,
the stability among the amyloidogenic variants
did not correlate with the amyloidogenic potential
of these proteins. Thus, the data obtained in this
work were insufficient to explain amyloid fibril
formation by TTR. It will, therefore, be necessary
to examine more variants of TTR at the different
levels of submolecular organization and under
different experimental conditions.
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